Carbon nanocapsules with a ferromagnetic core of single-crystalline Fe 3 O 4 are demonstrated to be effectively synthesized and collected separately from the other nano-carbon products of the low-temperature reaction of catalytic disproportionation of carbon monoxide. HRTEM demonstrated a defect-free crystalline structure of the Fe 3 O 4 nanoparticles. The encapsulating carbon shells of the Fe 3 O 4 nanoparticles are stable in air at room temperature, but do not prevent them at high temperatures. Accordingly, these nanoparticles may also act as catalysts for the corresponding production of carbon nanomaterials via carbon monoxide disproportionation. In particular, we demonstrate the corresponding transformation of a Fe 3 O 4 core to an iron carbide nanoparticle with simultaneous formation of additional encapsulating carbon layers. Characterization of the synthesized materials by DC magnetization represents clearly resolved hysteresis loops. However characteristic S-shape of the loops (magnetization is still not saturated at 16 kOe) points out some superparamagnetic effects driven by the nano-size origin of the samples. Analysis of the sample's EPR spectra provides an additional insight to the coexistence of several magnetic phases in the synthesized nanomaterials.
INTRODUCTION
Carbon nanotubes produced by various catalytic methods, and in particular by a catalytic disproportionation of carbon monoxide, are known to be decorated by catalyst metal particles and quasi-spherical carbon nanocapsules with a catalyst metal core [1] . Carbon particles of all shapes (tubular and spherical) and sizes are collected all together and their separation constitutes a serious technological challenge and certainly will increase final prices of carbon nanotubes and nanopsheres. Here we report the serendipitous discovery of the fact that, using low-temperature reaction of catalytic disproportionation of carbon monoxide [2] [3] , quasi-spherical highly crystalline magnetic nanoparticles can be effectively synthesized as a side-product of carbon nanotube synthesis and collected separately from the other products of the reaction (carbon nanotubes, large carbon onions, amorphous carbon). Nanoparticles were analyzed by Transmission Electron Microscopy (TEM), High Resolution Transmission Electron Microscopy (HRTEM), Energy Dispersive Spectrum (EDS) analysis and X-Ray Diffractometry (XRD). Magnetic properties of the nanoparticles were characterized by magnetization measurements and Electron Paramagnetic Resonance (EPR) spectroscopy.
EXPERIMENTAL DETAILS
A Fe 2 O 3 powder of a specific surface area of 15 m 2 /g was placed in a Cu crucible and heated up to 400-600 o C in (CO + H 2 ) gas floating through a quartz tube reactor at a rate of 0.5 l/min. Structure of the synthesized materials was studied by TEM, HRTEM and XRD.
Room temperature measurements of the dc magnetization and EPR spectra of the nanoclusters were performed with a Quantum Design MOMS-5S SQUID magnetometer and a Bruker EMX-220 X-band digital spectrometer, respectively.
RESULTS AND DISCUSSION
Carbon nanoparticles grown at the surfaces of the initial porous catalyst sample and collected in the crucible were revealed to be a mixture of multi-walled carbon nanofibers and onion-like capsules [3] . The outer diameter of the onions is varied from 10 to 100 nm.
In addition, quasi-spherical highly crystalline magnetic nanoparticles were found to be effectively synthesized and collected separately from the other products of the reaction. In particular, we revealed an extensive deposition of nanoparticles onto cooled parts of a quartz reactor on both left and right sides from the reaction zone ( Figure 1 ). We may explain the results assuming that the following processes occur under the experimental conditions. In the presence of CO initial Fe 2 O 3 , placed in a Cu crucible in a hot zone of the reactor, is reduced successively to Fe 3 O 4 and Fe:
(1)
Some of the Fe 3 O 4 and Fe clusters continue to stay in the reaction zone and catalytically contribute to the synthesis of nanostructured carbon through the reaction of catalytic disproportionation of carbon monoxide:
This leads to a volume increase and subsequent disintegration of the initial oxide sample. The latter in turn results in the formation of new catalytically active surfaces at which this scenario repeats until all of the surfaces are covered by the nanostructured carbon. At the same time, other Fe 3 O 4 clusters are sublimated, vapor transported and then deposited onto the cooled parts of the quartz tube. Movement of aerosol particles with sizes less than 100 nm is known to be governed mostly by diffusion rather than gravitation or aerodynamic principles [4] . Indeed, in our experiment, the aerosol Fe 3 O 4 particles was transported from the reaction zone against the temperature and concentration gradients in both directions, i.e. along and even against CO gas flow ( Figure 1 ). In the next experiment we used Fe 3 O 4 deposit (Figures 1 and 3) as an initial catalyst for the disproportionation of carbon monoxide. Using the same conditions of the carbon monoxide disproportionation as those described above we have demonstrated the corresponding growth of the multi-walled carbon nanotubes and core-shell nanospheres with additional 6-10 concentric graphite-like quasi-spherical shells (Figure 3c ). XRD pattern of this material (not shown) consist of the pronounced (0002) graphite peak from the nanostructured carbon and intensive reflections from the iron carbide (Fe 5 C 2 ). Some slight peaks of Fe 3 O 4 are also in evidence. It means that in this material iron presents mainly in the form of carbide with trace amounts of Fe 3 O 4 (below we refer to this material as Fe 5 C 2 @C). We can conclude therefore that the change of the initial microcrystalline Fe 2 O 3 catalyst powder by the nanocrystalline Fe 3 O 4 strongly influences the scenario of the chemical-physical processes occurred under the same technological conditions. Fe 3 O 4 nanoparticles produced by our approach form very stable suspensions in toluene, acetone, alcohol, water. For example, for the suspensions with concentration less than 10 mg/l no change has been observed for 2 years. EPR spectrum of Fe 3 O 4 consists of a singlet line with a g-factor g = 2.008 and line width ∆H pp = 1042 Oe, whereas EPR spectrum of Fe 5 C 2 @C consists of two overlapping lines: broad one with g = 2.55 and line width ∆H pp = 1832 Oe and narrow one with g = 2.06 and line width ∆H pp = 220 Oe (Fig. 6 (b) ). Perusal of the EPR and XRD data suggests that Fe 5 C 2 @C sample consists of several magnetically ordered components which are ferromagnetic Fe 5 C 2 , ferromagnetic Fe 3 O 4 , and probably super-paramagnetic Fe 3 O 4 (narrow line). Analysis of the temperature dependence of magnetization and EPR spectra which may provide a deep insight to the coexistence of the magnetic phases in these nanomaterials will be published elsewhere.
CONCLUSIONS
Carbon nanocapsules with a ferromagnetic core of single-crystalline Fe 3 O 4 have been revealed to be deposited at the reactor sites spatially separated from the sites of deposition of the other products of the low-temperature reaction of catalytic disproportionation of carbon monoxide. Structure, magnetic and catalytic properties of the nanoparticles have been reported. Possible mechanism for their formation has been discussed.
